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ABSTRACT 

We describe the ftuuUmental physical and electrical chaincteristics of 
two-termiaal devices febricated using thin films of metal-doped 
chalcogmides and diseuss their potential applications in electroiuc 
systems. The basic device stiuctore consists of two electrodes in contact 
with the chalcogentde layer. Certain dissolved metal ions are mobile in 
chalcogenidfr? but the resisdvity of the solid solution is many oideis of 
magnitude higher than the solid metal. If an appropriate voltage is applied 
between the electtodes^ the metal ions will come out of solution to forni an 
elcctrodcposit between thent This voltage-induced comtection and the 
ensuing resistance change can be used in a variety of applications in 
electronics* including piogtumnable read only memories (PROMs), field 
conftguiHble connections, and self-repairing interconnections. In this 
paper we report the results of our research on devices with coplanar 
ctectiodes which use an arsenic 5u)fid&-silver teznaiy as the solid solution. 
The metal is added to arsenic trisulfide by photodissolutlon to fbim a 
saturated solid solution, close to the composition Ag4As2S3. In addition to 
the dissolved metAl. b layer containing silver is incorporated at the anode 
to act as a supply of metal ions during growth of the metal link so that 
electrodcposition does not become limited by reduced ion concentration. 

INTRODUCnON 

• It is well known in the field of electrochemistry that metals such es silver or 
copper can be dissolved in chalcogenide glasses such as arsenic sulfide or germanium 
scienide, to form solid solutions. These solid solutions are relatively poor conductors, 
with resistivity in excess of lO* times higher than that of the solid metal, as conduction is 
dominated by ion transport through the soUd electrolyte. If electrodes are formed in 
contact with a layer of the solid solution and a voltage is applied between thcnu die 
positively cliarged metal ions will migrate toward the cathode region. Under appiopriate 
conditions, the ions will come out of solution at the cathode to fomi a stable metallic 
elecirodeposit which may be made to extend from the cathode to the anode. The 
electrodeposit can form on the surfooc of the chalcogenide or through b thin layer of the 
glass, depending on the placement of the electrodes. In either case, the low resi^ance 
metal electrodeposit acts to short-out die relatively high resistance glass and hence the 
overall resistance of the structure can be reduced by many orders of magnitude via this 
electrically-stimulated deposition process. This is the basis of the Frogramroable 
MetalUzation Cell (PMC) technology [1]. In our woxk to date, we have concentrated on 
arsenic sulfide>sih/er (AsiS3-Ag, AsSrAg) and germanium selenide-silver (GeScr Ag. 
GejSej-Ag) systems [2]. We have also investigated copper as die dissolved metal 
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species, albeit to a lesser degree. In this paper, we will concentrate on lesults fimn the 
arscnio irisulfidc-silvcr (ASiSa-Ag) system and on devices which have been fabricated 
with coplanar electrodes on the chalcogem'de film. We m currently exploring three main 
eppUcation areas of the PMC technology: (1) low voKage^ow power programmable read 
only memories, (2) field confignnble connections^ and (3) self-xepalring 
interconnections. These appltcadons wiU also be briefly discussed. 

FC7NDAMENTAL MECHANISMS 

In the work described in this pflpcr> the silver is added to the AsiSa by 
photodissolution after the glass is deposited as a thin film on the substrate. This process 
involves the illumination of a metal/glass bilayer with lighi of energy greater than die 
optical gap of the chalcogenide (approximately 2J eV for tmdoped As^Sj) p]. The 
amount of metal dissolved in the jRlm depends on the initial thickness of the metel layer 
and the illumination dose. The incoipoiation of the metal results in the reduction of the 
arsenic in the film. The dissolution process is thought to be self-limiliag, halting when 
the arscm*c has been reduced from the 3* state to the T slate (4). This occurs at a ternary 
composition of Ag^AsjSi » 2Ag2S 4- ASjS, which corresponds to a silver concentration of 
44.4 at %. This concentration h&5 been confirmed in our films using Rutberibrd 
Backseatterlng Spectrometry (RBS) [2]. Silver conceoization is appnently ooaintaincd in 
the Uko. even as metal comes out of solution during electrodeposition if there is a source 
of metallic silver at the anode. The salver 6om the anode dissolves into the glaas and 
moves toward the growing electrodepo^ a ooofdfaiated motion of the tons. This 
replacement of metal appears to be necessary for rapid and stable electmdcposif 
formation for the reasons discussed below. 

The electrochemical deposition of silver fiom arsenic sulftdD-silver glasses has 
been reported by other researchers in die past [5-8] but a complete uzuieistanding of this 
solid phase growth process has been somewhat elusive. The deposition of Ag metal at 
the cathode and partial dissolution of die Ag at the anode indicates that device operaxjon 
is analogous to the reduction^oxidation electrolysis of metal from an aqueous solution. 
When an electrical bias is izuhioed across on electrolytic cell» the anode will ojddize if the 
oxidation potential of the metal anode is greater than that of the solution. Under steady 
state conditions, as current flows in the celt, die metal ions will be reduced at dte cathode. 
For a solid solution of silver in arsenie sulfide with silver electrodes, the reactions are: 



Anode: Ag-»Ag^ + e' 

Cathode: Ag* + e'-^ Ag. 

When a potential is applied across the electrodes, silver ions migrate from die anode 
toward the cathode under the driWng force of the applied electrical poteruial and the 
concentration gradient This ion transport through the electrolyte can easily be the rate 
limiting factor in the electrodeposition process. At the boundary layer between the 
electroljrte and the electrodes, a finite potential difference exists due to the masftx of 
charge and change of state associated with the electrode reactions. Hds potential 
diffetence leads to polarizttion in the region close to the phase boundary (the electric 
double layerX When an extcraal voltage is applied across the cJectrodes^ cmrent will 
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how in order to charge the double layer, withouf causing any reductian or oxidation of 
the metal. Ad important conse^^uence of the electric double layer is that for tbkc redox 
reaction to proceed* the applied poteotial m\st overcome this double layer poteotial. 

If the Ag anode is tvplaoed with a tnetal with a lower oxidation potential than &e 
solid solutioDt the anode will bo essentially chemically inert and only serve as an 
electmnic condtiction path. The itductioii of the metal ions tn solution at the cathode will 
then occur at the expense of the solidioD. The concentration of Ag^ in the solid sohstioa 
will deescase during electrodepositkia on the cathode uittil electrode potendal equals 
the applied potential and reduction will then be halted. Further redtiction reiiuiies greater 
applied voltage (vovemed by the Ncnst equation^ ^ ^ the electrolytic deposition 
process is self luniting for a moderately low applied poicntiaL This has important 
coosequeoces for PMC device operation as the **stal!ed" electrodeposit may not bridge 
the electrode gap and hence the resistance of the device will remain high. In addition, the 
metal depleted glass could result in the subseqoent dermal dissohition of the 
eiectrodeposil, which would not occur if the glass was maintained at tiM metal saturation 
point throu^ dissolution of a silver anode. 

Finally, it should be noted that the electrodeposition 19 iwersible by the 
application of a levene bias. If die dectrodcpos^ itself is mad= the anode, it will 
dissolve back into the chalcogenide as metal comes out of soludon at Cbe opposite 
electrode. 

ELf:cnUCAJL CHARACTERISrrrCS 

The electrical characteristics of the PMC metal/soUd soludon/metal arrangement 
are complex hut may be represeoted by a number of models. The a.c. equivalent circuit 
modeling which was performed X/y our groiq> has been described elsewhere [9] so we will 
concentrate here on the dx^ characteristics in the sub-electrodeposition and 
electrodeposition regimes. We will also restrict our comments to results from devices 
which have coplanar eleetrodea* a configuration shown schematically in Fig. 1. These test 




Fig. 1. Schematic djagmm of coplanar electnxle device, (a) Plan view, (b) 
side elevation. 
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devices were fabricated as fbilows, Thennal silicon dioxide (axound 200 nm thick) was 
grown on silicon wafers to fonn t{» supporting dielectric layer for the devices. Positive 
photoresist was then deposited, exposed and developed to form the panem for the 
chalcogenide layer. Undopcd AsjSj, 40 om thicJc, was then evaporated from a powder 
source onto the patterned resist and this was immediately coated with a 25 nm thick layer 
of silver, without breaking the vacuum in the d^>o^tioo system. The wafers were then 
removed and exposed with u.v. light at 436 am for 10 minutes to fully saturate the 
chalcogenide and form the AgiAsjSs final composition (confirmed by RBS). Note that 
25 nm of silver will leave around 2,4 nm of metallic silver cn the surface of a 40 ran ihlcic 
layer of AsiSj af^cr photodopbg Is complete. The excess silver helps to ensure that 
satnration of the chaloogenlde occuis. The doped chalcogenide is dien patterned by lift- 
oS The large silver contacts (tyincatly ICO x 100 \m and 150 nm thick) are also 
deposited by evaporation and patterned by lilt«ofr. The devices are then passivated with 
a layer of l^volac xesin v^ch is baked at 120 "C for 20 minutes (this is the same as the 
resist hard bake step). The bake also serves to anneal the contacts and reduce the 
tesistive efifccts of any inserfiiclal layeis. 

The small-detial cuxrent vs. voltage (1-V) plot of a typical large geometry device 
is shown in Fig. 2 [10]* This plot appears similar to that which would be obtained from 
back-to-back Schottky contacts wttti a series resistance component which limits the 
cuirent for applied potentials in excess of a few tens of mV. Applied potentials below 10 
• 1 5 in V are insufficient to cause significant electrodeposition (see later) and in this range 
the 1-V characteristics of the device are essentially governed by the classic Butler- Volmer 
equation, wfaieh relates current and applied voltage by an exponential relationship. 




Fig. 2. Small signal I-V plot of large test structure (100 x 100 |un 
electrodes, 10 (im spaeing* oo unpaftemed ISO nm thick Ag4AsaS3 layer). 
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UsiQg ihe test atiay Uyom shorn b achemotio fbim in Fig. 3» small signa! I-V 
measurements were peribnned on a wide variety of dcvioes with device lengths and 
widths (defined in Pi^ 1) nmguig fcmi 4 " 200 »im and 4-50 vm icspeedvely. These 
were used to obtain the invene st(^ of the I-V curves St zero volts, defined as (he off 
resistance, R«f& of the devices^ Roirvs. device length for various device widths is plotted 
inFig.4. Tl&ese results show that Roffb a g^metrb function of the chanxiddi^ 
following R^jfT" pUdAV + Rp» where p is the resistivity of the layer and d is the thickness 
of (he cholcogenide. is the cfifective resiataoce at zero channel length and is mainly 
due to electrode polarization. The slope of dw curves in Fig. 4 show that the resistivity ts 
in the mid 10* Ctcm range. Hie value of for these devices b ui the lOi" to the low lO' 
n range. Due to the particular electrode ooofiguratior used, it is difficult to express as 
a specific contact^Iarization resistance^ i.e., the dectrodes are made Iar£9 to fadUtate 
electrical probe cooi&ct hut the elective contact area exists only at the point where the 
channel starts and this is not easily defined. Measurements on devices which did have 
well defined contact areas Tevea)ed that was around lO'^ Q.^^ 

LB4(im ••■•■•«•••■%•■•«••••••■••»•••■•••■••••■• L<>20flpm 

□i::DC]DCiD<:oc:!iraDODc 

Dd OCi OG OG Lfd DCJ DCI QQ EDd 
DO CNj DO l3=Q IDCj □=□ Cj=a Cd 



CfC CfD I) SImpIs two-termtnal devices :Q QcQ [jC^ 



□=G Da D=o 0=0 00 oo ckj og do 

□d DQ DC DC! DO DO DO DQ CpO 
QClDQDCDGDDDCiDCiD^IlDC: 

0^ d%p rJg rt^. 

rpCj I Interconnect tost strucluros [L 

Fig. 3. Test array IsyDut scheotatic Ibr large geometry ooplanar devices. 

Fig. S IS an example of constant current programming/switching of a broad (L 6 
pm, W ^ 50 pm) device. A Hewlett-Packaid 4145 Semiconducior Parameter Analyzer 
was used as the current source and for measuremeot. The current used in this example 
was 50 nA (the applied voltage u varied automatically to mamiain this cunent). Each , 
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Fig. 4. Off resistaskce vs. device tengih for various device widths. 
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Fig. 5. ConstaiU current (50 nA) programming of L » 6 jim, W =» 50 $un 
device. The insert shows the general applied voltage vs. time tread for the 
devices tested. 
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datt point 13 10 msec opart R^r for this particular device (at zexp apjpUed voltage) is 
close to 1 0* O but measured device resistance at t ~ 0 is around half this value when the 
forctng vohflgo U applied due fo Ibe expoaenUal nature of the I-V characlcrislic 
fd^cusscd earlier). The device attains a stable relatively low resistaucc state of around 
10 Q after 50 - 60 msec, as indicated by Ibo flat lino portion of Fig. 5 along the x-aads. 
Scaooing electron microscopy reveals that this lowered resistance is due to the piesenoe 
of a oarrow smfare electrodeposit. 

The 'liino-to-short**, U» the time taken to grow the electrodeposit from cathode to 
anode, is found for constant current programoung to be proportional to the device length 
and inversely praporttonal to the programming current, ip. This b to be expected as the 
total volume of the electrodeposit depends on the total charge which flows in the device. 
The electrodqiostlion rate is therefore proportional to current so diat a constant applied 
current pioduces a ccmstant rate of electmd^josition. With a constant fate of growth, the 
time to short will depend linearly on the distance the electrodeposit has to brwJgc. i.e., the 
device length. Inucasing the (constant) current applied will linearly increase the growth 
velocity and hence U will be inversely propoitloaal to cuzrent The diagram in insert in 
Fig. 5 iihistrates the general resistance vs. time trend for low constant current 
programming. Hie resistance typically decreases as 

R(t) = (Ro - Kt)Rca(Ro - Kl) 1- BcJ. 

where Ro * Kc represems the lesistaoce in the surface (electmdeposition) region, which 
decreases linearly vwth rate K Q/sec &om an toitial value fio as the electrodeposit "short- 
circuits'* the surface. He is the relatively constant resistance value of the underlying film. 
Note that Ro end Kc cannot be measured directly and are therefore chosen to provide a 
best-lit model Car any given set of data. R(t) is given by these two conqHments in parallel 
and has the charaexeristic shown in Fig. 5. The energy, E. required to put die device in 
the low resistanoe state is given by the product of charge and voHage, 

E = ipjfv(t)dt = iJ]g*R(t)dt: 

For the curve of Fig. 5, the total charge is 2.5 nC and the cotre^wnding switching energy 
is approumatcly 3 nJ. (f all the charge results in electrodepositioo, this conesponds to 
1.6 X 10 silver atoms. For e silver atomic density of 5.g x IC^ cm'^« the total volume of 
the electrodeposit would be Z7 x 10*" cm'. Since the device length and hence 
electrodeposit length is 6 |im, the conespoodlng average cross-sectional area of the stiver 
connection is 4.5 x 10''° cm^ or 4.5 x 10* nm^ However, the value of the on resistance 
suggests that if the electxodcposit is assumed to have the resistivity of bulk silver (in the 
order of 10** n.cm)» the effective cross-sectional area is less than I om^ The more than 
three orders of magnitude discrepancy could be due to three factors; (1) a thin film 
resistivity which is considerably higher than the bulk silver valuc» (2) an inefGcicni 
electrodeposition process, or (3) an electrodeposit that has narrow regions which 
domioate iho overall resistance. Surface effects do lead to considembly higher 
resistivities in thin films and so (1) is extremely likely. In addition, election microscopy 
analysis suggests that the surface electrodeposits are general^ somewhat uneven and so 
(3)isal9olikelytobeaconsldefableiactoriAtheincicaseofresi5tBttCflL 
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It should be noted thai if die anode does not contain silver, the electrodeposition 
process docs indeed become sclMimitiBLg and the resissance changes observed above are 
not attainable » in most cases the devices do not even prodizce a biidgiog eiectrodeposit. 
A1ot» as mentioned earlier, if the applied voltage is reversed during the growth, tiie 
electrodeposition process will reverse and the dcctrodeposil will dissolve back Into the 
chalcogeftide. However, an eiectrodeposit will form at the opposite electrode and this 
can also short-circuit the device. These devices must thcrcfhre be "erased", i.e.. returned 
to a high tcsistance state, by the application of a currenl which is in excess of d>e cuirest 
density wfaieh will canse fidlure in the eicctcodeposlL Caxe must be taken not to exceed 
the thennal limits of the device as excessive Joule heating will locally melt the electrolyte 
and render ilie device unusable However, it has been shown that electiodepostts grown 
with 8ub-l00 nA. cuivents can be brokea with I - 100 pulses of 1- 10 ^sec duratioit 
without any apparent damage to the underiying chalcogcmde^ However, mote work te 
required to establish the limits of die erase process and this is ongoing* 

Fig. 6 shows the results fiom a number of 1 0 fim wide devices for a different type 
of progmntniog; involving a 5 sec voltage sweep fiom 0.S to 1.8 V with a 25 mA. current 
limit. This produces a much more substantial sur&oe eiectrodeposit v^rith a resistance of 
around 1 tV\im of device length. The average contact resistance in this case is jtist under 
10 a. Note that the stable low reustance state is attained yAen the applied volUge 
readies 1.2 - 1.7 V, BeJow this range, there is no apparent stable electrodeposition and 
the device remains in the high resistance state. Note that the same trend and values were 
observed for a number of device widths over 10 >im as the electrodeposits did not cover 
the eotirs channel width at these dimensions aiul hence this parameter had iko efiect on 
the progreromed resistance. Since the volume of the eleetrodqsosit is dependent on the 
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Pig. 6. I^gremmed resistance vs. length (10 |un wide) for a 0.5 - 1.8 V 
sweep with a 25 mA curxenl limit 



Voceedings Volume 99-13 



Electrochemical Society Proceedings Volume 99-13 



305 



total chaise, it is reasonable to assume that a higher cuncnt limit will lead ID a 
device resistance. 

Ft should be noted that the electrodepositioxi process usins constant ctureot or 
voUago sweep (with curreot limit) programiotng is self ItmitittS. This is due to the feet 
that as the resistaDce (alls, tho voltage drop acn>s3 the electrodq)osit will be determiecd 
by the canenl and the resistance. If this voltage is less than that required for 
elettiodeposition, the process will hair. Voltage ramps frora zero to l.B V on existiiig 
electrodeposits only result in further electiodeposition (iq) to the cuirent limit) when the 
voltage is in excess of 300 mV. Below this, there is oo foxther elcctrodeposition aod the 
resistance remains at the valoe set by the original progiamming condition. For cxemplei 
a device originsUy ptogrammcd with a voltage sweq) with a 25 mA limit whicK attains a 
lesutaaee of 18 n can be reduced to 10 n if the sweep is reapplied with a 100 mA limit. 

APPUCATION5 

We have seen that the electrodeposition process dq>end9 on a number of factors, 
loclndlog the magnitude of the applied voltage and curreot Therefore^ by appropriate 
choice of int^gramining parameten, the metal etectrodeposit may be gtowo so that it is 
relatively difficult to bi^k. This chaiacteristie is useftil ui aj^lications such as the one 
tune programmabie (OTP) piogrammablc read only memoiy ^ROM) or as bd anti-fuse 
circuit conftgurstion element Alternatively, t»y using a low wrhing curxent, 0ie Itak may 
be formed with 'Weaknesses" so that it may be subsequent broken by a current pulse 
(or pulses) to erase the data, fai either memory applicatioo, Che information is stored as 
the piesence or absence of ibe metallic link and the diiSerences between logic slates is 
laigc and theieforc very easy to detect Fig. 7 shows a micrograph of an antifuse FROM 
ttsitig PMC elements in the i^pcr level of rociaUization and transistor ccU isolation. 




Fig. 7. Example of transistor isolated PMC antiilise PROM circuit. 
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The abUiQr to foim interconnectiona in a complex 3-ciimcDstonal integrated circuit 
structure once fiOirication has been conqxlcted is highly desirable as it allows an 
unpieoedented level of flcxibittty in testing, debugging, and system reoonfiguratioa 
Such flexibility viauHd be particularly useful in high reliability systems in aircnia or 
space vehicles. If programmiible interconnections were available in these systems; 
de£BCtive circuitry could be tested using temporary probe connections, or signals could be 
rerouted aronnd problem areas. A reoonfigurable metalUzattoa scheme is possible using 
metal>doped chalccgenide elements as part of the intercoiuiect. lo a pnetical scheme, the 
metal-doped chalcogenide would be patterned in dtelectnc-separated layers in much the 
some way as metallizatiott is in a traditional interconnect scheme. Prior to metal element 
growth, these pathways would have an extremely high resistance to current flow. To 
connect two points within the dicuit, an appropriate voltage would be applied to either 
end of the selected pathway to stimulate metal growth. In the case of the arsenic 
trisnlfide/sitver system, silver features, several hundred microns long^ may be grown in a 
few seconds on the surfece of the doped chalcogenide, thereby cormecting two widely- 
spaced circuit elements with 8 silver •Sme". The interconnect pathways may have bends, 
vias, and branches (multiple in and multiple out) but tbe metel features vHll only grow 
between the poixits which have the ventage applied, thereby forming a controllable and 
directed electrical connection. The interconnect test structures shown in the lower half of 
Pig. 3 have allowed tu to exploce this possibility. 

One of the greatest problems b deep^sobnucxDn circuits is the reliability of the 
metal interconnects. Small geometxy inteiconnects are highly pcone to ftilure by 
elecCroxnigration at points wfaae the lines have a reduced ctosahsection due to iKlrtt^iirg at 
topographical features (e.g.. on underlying step), line oarrowing by reflective notching 
during a photolithography step, and morphological effects such as width vaiiatians at 
grain boundaries after etching. Consequently, metal tines have to be made wider than the 
minimum lithographical Unewtdth, by a of two or more, to reduce the current 
dertsity at thin regions and Ihcx^xy reduce electromigratioiL The requircmem for vndtr 
lines reduces the overall interconnect density. If interconnect metal is deposited on a thin 
layer of metal doped chalcogenide. a break oi other high resistarKe legion in the track 
would be '^healed** by tbe formation of a metal element, formed by eJectrodcposition at 
the break. This would increase the overall system reliability as h would constitute an In- 
situ repair mechanism. Indeed, a break could be healed in any conductive track with an 
underlying Layer of copper- or alvcr-doped chalcogenide as long as there was not an 
adverse reaction between tbe oonductor and die doped glass. A schematic of a potential 
multi-level interconnect sdieaie is shown in Pigure 8. In this scheme, all small geometry 
metal lines have a doped glass layer in contact with them. The figure shows the glass 
layer benemh the conductor but it could also be deposited on top or completely surtoimd 
the metal line. The via regions would be kept free of the glass to minimize the resistaxice 
of the connection between intcroormect layers. The mechanism responsible for the 
healing effect is the electrodeposition of metal from solid solution by the action of the 
potential difference across the defect region. As the weak region in the conducting track 
becomes thinner by electramigratjon, its lesistaxu^ will increase and hence the voltage 
drop across it will increase. This potential difference will create an electric field which 
will move the dissolved metal ions to the most electrically negative part of die defect 
whereupon they will come out of solution and foon a solid metal element at the surface 
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of the glass. Hie meial electiodeposit wiUgrow untQ the dtfecl is bridged, t.e^ returned 
to B low Asiscftfice state. Mote that this lepair process is self regulanng as H wiU only 
operate wben tbe defect xcsiscanco becomes high end will **tum off* when the lepaii is 
complete. This is because the eleccrodeposidon pmcess requixes a minimum poteotiai 
drop of aiouDd 300 mV to order to proceed. 



Metal on doped 
chaicogenhie 
pathways . 



V 
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^Intsr-layef 



Fig.B. Self-healing intereonnect scbemoL 



CONCLUSIONS 

The Programmable Metallisation Cell has been described in Urms of its 
fundamental etectrochcnuca]/pfaysical oaluro and its basic electrical characteristics. 
Stiver may be photodissolvcd into arseidc trisulfide using U.V. light to fonn a soHd 
solution. This process proceeds by cation reductioA and self-Umits when the arseoic 
reaches minimum valency at the compontion Ag^^AsiS^- The silver ions may be brought 
out of solutioo in the forai of a surface electiodeposit in devices which consist of 
coplanax electrodes on a metal doped cfaalcogenide film. This electrodeposit, having a 
lesittance whxeh is nMny ordns of magmiude lower than diat of the solid solution, will 
resxdt in a targe resistance reductioa between the tenmnals if it is grown completely from 
the cathode to the anode* The anode should contain a source of silver which dissolves 
Into the chaleogenide during electrodcposition otherwise the dectrodeposit will likely not 
bridge the anode-cathode gap. The electrodepositioo process can be reversed by 
reversing the polarity of the applied voltage. It would a^ypear to Vsc more practical to 
make the device "erasable", i.e., able to be retnmed to a high resistance jtate, by first 
growing a 'Vealc** electmdeposit that can be l»oken with a conent pulse which is low 
enough so as not to damage the underlying electrolyte. 

Tbe off resistance of tbe devices Is determined by device geometry and the 
polarization resistance of the contacts. The on resistance depends on the amount of 
charge which Is applied which in tun depends on the programming current For Ute 
devices tested, constant cunent ptogFamnUng at very low currents 0ess than 100 nA) 
produced a leastance change firom more than 10' O down to around lO' Q with energy 
consumption in the nl range. Voltage sweep programming with high current Itmh (25 
mA) prodticcd on resistances of approximately I IVpm of device length with a contact 
reslsianee In the order of 10 Q. Reprogramming these devices with a higher current 
llnut, e.g., 100 mA, produced eonslderably tower resistance through additfonal 
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dccttodeposition. This -thickening* of die dectrodeposit will only occur viiien the 
applied voltage reaches 300 - 400 mV. 

The elcctrodeposition effect and the ensuing tesistance changes at low voftage 
and energy wiU have utiUty in a divena range of applicathms which inclnde non-voladle 
raemones. anti-fuses, programmable tnterconDcets, and self healing metalBzation. 

This work was supported by Axon Technologies Cmporation. 
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